JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Abstract. Large-scale pelagic fisheries exploit a diversity of apex predators with a wide range of life history strategies. Exploitation of species with different life history strategies has different population and food web consequences. We explored the changes in predation that result from exploitation of a common species with a slow growth and low fecundity life history strategy (blue shark, Prionace glauca) with those that result from exploitation of a common species with fast growth and high fecundity (yellowfin tuna, Thunnus albacares) in the central Pacific Ocean. Longline fisheries directed toward billfishes and tunas also capture blue sharks as incidental catch. Mortality rates of sharks had been relatively low prior to the recent surge in finning that has resulted in a substantial rise in mortality of adult and subadult sharks in the last decade. We estimated the magnitude of changes in predation by populations of yellowfin tuna and blue sharks in response to longline fisheries that involve shark finning. Bioenergetics models for sharks and tunas were coupled to simple population models that account for changes in size-structure in response to fisheryinduced mortality regimes in order to estimate predation responses to changes in fishing intensities. Our analyses demonstrate that blue shark populations are very sensitive to low exploitation rates, while yellowfin tuna populations are extremely robust across a wide range of exploitation rates by longline fisheries. Although predation rates by yellowfin tuna are 4-5 times higher than by blue sharks, longline fisheries have substantially greater effects on shark predation than on yellowfin tuna predation at the food web scale. Expected food web responses will be strongest where the unexploited biomass of long-lived species is high and predation is relatively specialized compared with other apex predators. Our analyses suggest that active management to reduce finning mortality in sharks will play an important role toward minimizing the effects of longline fisheries on the food web structure of the pelagic Pacific Ocean.
INTRODUCTION
The history of fisheries management includes a primary focus on analyses of individual stocks or species as well as on models emphasizing population dynamics (Botsford et al. 1997 ). While these traditions formed the basis for a substantial and growing body of quantitative tools (Hilborn and Walters 1992) , these analyses typically contained little or no consideration for ecological interactions among species. In fact, there is a growing body of evidence that fisheries exploitation creates substantial and sustained changes in both the target populations and a diversity of other species in ecosystems where fisheries are pursued (Botsford et al. Integrated fisheries management must incorporate an ecosystem-based perspective that considers the direct and indirect effects of fisheries on marine ecosystems (National Research Council 1998). This includes an appreciation of the effects of by-catch induced mortality as well as the indirect ecological effects transmitted through trophic interactions. Presently, the ecological effects of by-catch are poorly understood (National Research Council 1998, Hall 1999), and untangling these effects is not straightforward. Even on a simple level, the effect of by-catch induced mortality on fish population dynamics is not known because of poor reporting of by-catch by fishery vessels. The consequences of these population dynamics on other food web components is even more enigmatic.
Further complicating management is the fact that fishing captures many species whose populations differ markedly in their sensitivity to overfishing. In many instances, these differences are attributable to contrasts in life history characteristics (Jennings et al. 1998 , Stevens et al. 2000 ). An excellent example derives from high-seas longline fishery in the central Pacific Ocean. This fishery targets tunas and billfishes, which are relatively fast-growing and highly fecund species. These species have relatively high predation rates and are more resilient to fishing than slow-growing species like the sharks. However, pelagic longlines also incidentally capture sharks; predominantly blue sharks (Prionace glauca). Sharks have lower predation rates than the fast-growing, high-fecundity species (rselected) that we have described, but their population resilience to fishery exploitation is much lower due to low fecundity and late age at maturity (Stevens 1975 , Nakano 1994 ). Thus, predicting the effects of longline fisheries on predation by species with different life histories is not straightforward, because this calculation must account for the differences in per capita predation rates that usually contrast with population sensitivities to fishing.
Blue shark by-catch is considerable in the central Pacific, with 4-18 sharks captured per 1000 hooks (Stasburg 1958 , Bonfil 1994 , roughly comparable to the range of yellowfin tuna catch rates (2-20 tuna per 1000 hooks; Polacheck 1989) in the Japanese western Pacific longline fishery. Historically, blue sharks had little economic value, and were therefore discarded alive. Expansion of Asian markets in the 1980s resulted in an increased market for shark fins, which led to a marked increase in shark mortality. Prior to 1980, <5% of hooked sharks were finned (He and Laurs 1998), but at present >60% of sharks are finned (Western Pacific Fishery Management Council 1998). This process of "finning" involves the removal of shark fins and disposal of the carcass overboard, which results in death. Most blue sharks that are not finned are released alive from longlines. Thus, finning may severely deplete blue shark stocks, given that their populations probably do not tolerate much fishery-induced mortality.
There is now increasing pressure to protect sharks from finning practices, yet, the ecological consequences of finning are largely unknown. In this paper we compare the consequences of exploitation of blue sharks vs. yellowfin tunas (Thunnus albacares) with respect to potential predator-prey interactions in the pelagic Pacific Ocean. We developed models that explicitly account for the trade-off between per capita predation rates and population sensitivity to exploitation in an effort to estimate the changes in predation rates by populations of yellowfin tuna and blue sharks in response to longline fisheries. Yellowfin tuna are among the most economically important species in the high-seas longline fisheries. Bonfil (1994) estimates that worldwide shark by-catch in these fisheries exceeds 8 X 106 sharks/yr, which is roughly one-third of the world catch of elasmobranchs. Shark finning is believed to be especially widespread in these fisheries, partly because these vessels typically do not have the capacity to freeze the entire carcass, and also because shark fins are important source of income for crew members.
We focused on the longline fishery for yellowfin tunas in the central Pacific. Nearly 2 x 106 blue sharks were incidentally captured in this fishery in 1988 (Bonfil 1994), and the high economic value of fins promotes high shark-finning rates (Rose 1998). We assessed the direct effects of this fishery by comparing the sensitivity of shark and tuna populations to fishing mortality. Further, we address the indirect effects by considering the potential for this fishery to induce ecological effects via predator-prey interactions. Specifically, we developed bioenergetics-based models (Kitchell et al. 1977 , Olson and Boggs 1986 , Hanson et al. 1997 ) to compare the sensitivity of the predatory effect of these species to fishing mortality, by estimating the population predation rates of yellowfin tuna and blue sharks across a range of fishing mortalities. We find that both the population dynamics and, therefore, predation rates of blue sharks are highly sensitive to fishing mortality, whereas those of yellowfin are relatively insensitive to longlining. This suggests that the ecological consequences of the incidental shark fishery may have much greater effects on food web dynamics than the effect induced by fishing mortality on yellowfin tuna, which is the target species.
METHODS
We combined bioenergetics models that estimate consumption rates of sharks and yellowfin tuna with models that account for size-dependent, natural, and fishery-induced mortality of these species. We devel-oped these models from the extensive existing data describing the growth and reproduction of blue sharks and yellowfin tuna in the central Pacific Ocean, as well as from the existing data on shark bioenergetics from several closely related shark species in the Pacific. By changing the magnitude of fishery-induced mortality in population models, we estimated the changes in the predation rates of blue sharks and yellowfin tunas that result from changes in fishery intensity. We then used an equilibrium renewal model (Lawson and Hilborn 1985) to estimate the ranges of fishery-induced mortality on blue shark and yellowfin tuna that are likely to allow sustainable populations.
Bioenergetics model for sharks
We developed a bioenergetics model of metabolism and consumption for a moderately active, intermediatesize pelagic shark according to the form that has been widely used for teleost fishes (Kitchell et al. 1977 , Jobling 1994 , Hanson et al. 1997 ). These are energy balance models that apportion consumed energy among metabolic losses, waste losses, somatic growth and reproduction. In general, these models use observed growth rates as inputs to an energy balance equation to calculate consumption rates according to the follow- where C is the consumption rate, R is the routine metabolic (respiration) rate, A is the active metabolic rate, S is specific dynamic action to account for the energetic costs of digestion, F and U are the energy lost to feces and excretion, respectively, AB is the energy allocated to somatic growth, and G is the energy allocated to gonad production. All of these rates are expressed in dimensions of energy processed per body mass per unit time (specifically, no. joules per gram per day).
The bioenergetics model accounts explicitly for the allometric scaling of metabolism, and the respiration function takes the form:
where R is the mass-specific respiration rate, W is the mass of the fish, rA and rB are parameters that describe the temperature-corrected allometric scaling of respiration, and ACT is a parameter that scales routine metabolism to active metabolism (Kitchell et al. 1977 ). The parameter that describes the allometric scaling of respiration rate (rB) was determined from data presented by Schmid and Murru (1994) that specify standard metabolic rates across a range of body sizes (1-140 kg) of lemon sharks (Negaprion brevirostris). Prior to estimation of rB, metabolic rates were corrected for temperature differences in the respiration experiments summarized by Schmid and Murru (1994) Pups are born at -136 g body mass, and were assumed to have the same energy density of adult sharks (5414 J/g). We also assumed that male sharks allocate a negligible amount of energy to reproduction. This final assumption is based on the following facts: (1) male sharks produce relatively small spermatophores that are passed to females through direct copulation (Pratt 1979) , and (2) mature male sharks grow substantially faster than mature females (Fig. 1) . For the applications of the shark bioenergetics model described in Methods: Population modeling, we incorporated the following input data.. Growth rates for blue sharks were modeled with sex-specific Von Bertalanffy growth curves and length-mass regressions from the central Pacific (Table 1 ; Nakano 1994). Growth was calculated at one-year intervals from age 0 to age 20 yr when blue sharks reach their maximum age (Smith et al. 1998 ). The energy density of sharks was assumed to be 5414 J/g across all body sizes (Cortes and Gruber 1990). Diets of blue sharks were based on Seki (1993) and Cortes (1999) who reported that blue sharks consume -60% squids and -40% fishes. The energy density of squids was assumed to be 4400 J/g and that of prey fishes to be 5020 J/g (Thayer et al. 1973 ). Due to lack of evidence to suggest otherwise, we assumed that there is no significant change in diets throughout ontogeny in blue sharks.
Bioenergetics model for yellowfin tuna
Olson and Boggs ( Boggs 1986). We calculated growth increments at 0.1-yr intervals beginning at t = 0.5 yr and ending at age 6 yr. We used the L at the beginning of the time interval to estimate ENr. This was a reasonable approximation because our time intervals were small and the largest growth increment was 4 cm.
Population modeling
Predation estimates for individual yellowfin tuna and blue sharks were coupled to a simple population model that accounted for age-dependent mortality as a cohort progresses through the course of its life. We included both the mortality due to longline fishing (Ft) and natural mortality (Mt) that accounts for all mortality sources in the absence of fishing according to a Baranov catch equation (Lawson and Hilborn 1985) . In the simplest model, the number of fish at time t (N,) is equal to the following:
where Rx. is the number of individuals recruited to the population at equilibrium. For blue sharks, we estimated natural mortality rate (Mt) to be 0.18 yr-' based on the meta-analysis of Pauly (1980) for a wide variety of marine fishes. Because finning preferentially targets larger sharks, we accounted for the size selectivity of the fishery with a parameter (vi) whose value varied between zero for fish that are entirely invulnerable to the fishery to a value of one where fish are 100% vulnerable to the fishery. We assumed that in the absence of finning, blue sharks of all sizes experience fishing mortality that scales with longline fishing intensity (F) according to v, = 0.18. This was based on the fact that 18% of all sharks that are finned are dead when brought up on longlines (Western Pacific Managment Council 1999). Fins are commercially valuable when blue sharks reach a size of -150 cm total length (TL) (C. Boggs, personal observation). We accounted for this size-dependent selectivity of the longline fishery for sharks by setting v, = 1 for sharks >150 cm TL. Because of sex-specific growth rates, male blue sharks are initially vulnerable to finning at age 5 yr, and females at 6 yr (Fig. 2) . The age-specific mortality rate due to long-lining fisheries (F,) is then calculated as follows: Fig. 2) . The age-specific mortality due to fishing (F,) is calculated as for sharks with Eq. 8.
For all simulations-presented in this paper, we standardized the predation rates such that all rates are calculated as predation per recruit. The size-structures of these populations are calculated by accounting for the age-specific survivorship according to Eq. 7. The total amount of predation by the populations is calculated as the number of individuals present in a given age class multiplied by the per capita predation rate imposed by that age, summed across all age classes in the population.. For sharks we calculated population size and predation impacts at one-year intervals, and at 0.1-yr intervals for yellowfin tuna. We ran separate simulations for each sex for both tunas and sharks.
We determined the cumulative predation by a stableage distribution of blue sharks and yellowfin tunas that would result from differing fishery intensities (F) ranging from 0 yr-1 (no fishing) to the maximum sustainable exploitation rate expected for an equilibrium stock. The maximum fishery mortality that would allow a sustainable population (Fcrit) was calculated for blue sharks and yellowfin tuna according to the equilibrium renewal models described by Lawson and Hilborn (1985) . The renewal models combined Eq. 7, which produces 
where (x and E are the standard parameters of the Beverton-Holt recruitment function, and Er is the total reproductive potential per recruit, which is calculated as follows:
wheref, is the fecundity at age t, corrected for the sex ratio. 
Effect of fisheries on predation by blue sharks and yellowfin tuna
In the absence of fishing, predation by a population of blue sharks was seen to peak at -10 yr of age and is sustained at relatively high levels until death by senescence at 20 yr (Fig. 3) . Incidental shark mortality associated with moderate levels of longline fishing (F = 0.2 yr-'), but without finning, had only subtle effects on the distribution of predation across a stable age distribution of blue sharks (Fig. 3B) . However, addition of finning mortality at a fishing intensity of F = 0.2 yr-' substantially reduced the total amount of predation by sharks and altered the distribution of predation across different age classes in the population (Fig. 3C) . With finning operating in the fishery, and with F = 0.2 yr-', predation peaked in the age-5 cohort and was essentially eliminated for sharks >15 yr. This result derived largely from the fact that the effect of finning is manifest in the relative abundance of old sharks (Fig.  3D) .
In contrast to blue sharks, predation by a population of yellowfin tuna peaked at approximately age 2 and was diminished by age 5 in the absence of longline mortality (Fig. 4A, B) . Predation by tuna older than age 3 was dominated by predation by males due to the high natural mortality rates of postreproductive females. Size-selective exploitation by a longline fishery with F = 0.2 yr-' had almost no effect on either the intensity or the distribution of predation by yellowfin tuna populations. As in scenarios with no fishing, pre-dation peaked with age 2 fish and was dominated by males at ages older than 3 yr when exploited by longline fisheries (Fig. 4C, D) . Both predation and recruitment by blue sharks were highly sensitive to a relatively narrow range of fishing intensity (Fig. 5) . Longline fishing without finning reduced predation per recruit to the population by -40% as F was increased from 0 to 0.4 yr-1 (Fig. 5A) . Accounting for the additional mortality due to finning caused predation per recruit to decline by 65% (Fig.  5A) . Blue shark recruitment was very sensitive to exploitation in the range of F = 0-0.4 yr-1 for fishing in the absence of finning (Fig. SB) . For our pessimistic stock-recruit relationship (z = 0.3), blue shark populations were not sustainable at F > 0.32 yr-'. Accounting for the additional mortality due to finning made shark populations extremely sensitive to longline fishing. With finning operating in the fishery, shark populations were not sustainable at F > 0.13 yr-' and F > 0.28 yr-1 for our pessimistic and optimistic stockrecruitment relationships, respectively. The product of the predation per recruit and the relative recruitment rate gives the relative predation rate by the population at equilibrium (Fig. 5C) . The shape of the responses of predation by blue sharks is driven largely by the response of the population to fishing mortality. As a result, predation rates by blue shark populations were severely compromised by even modest fishing mortality, and this result is especially severe when finning operates in the fishery (Fig. 5C ).
Predation and recruitment to yellowfin tuna populations were extremely robust to longline fishing across a range values of F spanning 0-0.45 yr-' (Fig. 6) . Longline fishing at F = 0.4 yr-1 reduced the predationper-recruit by <15% of the level in the absence of fishing (Fig. 6A) . The relative recruitment rate by yellowfin tuna was reduced by <5% under both optimistic and pessimistic stock-recruitment scenarios, by longline fishing with F = 0.4 (Fig. 6B) . As a result, the predation rate by an equilibrium population of yellowfin tunas was reduced by only -15% at F = 0.4 yr-', a fishing rate that greatly exceeded sustainable harvest rates for blue sharks.
In the absence of fishing, predation by a population of blue sharks is equal to a population of yellowfin tuna when the biomass of blue sharks is 5.7 times higher than the biomass of yellowfin tuna. To compare the sensitivity of predation by a population of blue sharks and a population of yellowfin tuna to fishery exploitation, we computed a state space that illustrates the change in predation by a blue shark population relative to the change in predation by a yellowfin tuna population in response to (1) a specified intensity of fishing (F), and (2) different ratios of the virgin biomass of the two species (Fig. 7) . At very low fishing rates and assuming the most optimistic stock-recruit function for sharks, the change in predation rates by a population of sharks is greater than the change in predation rates by a population of yellowfin tuna for all food webs where the virgin biomass ratio of sharks to tunas exceeds 0.5. As the fishing rate increases, the virgin biomass ratio where the change in shark predation is greater than the change in tuna predation increases smoothly to -1.25 at F = 0.5 yr-'. This means that at fishing rates of F = 0.5 yr-1, the change in predation by a population of sharks relative to the change in predation by tunas is always greater when the virgin biomass of sharks is ?1.25 times higher than the virgin biomass of yellowfin tuna. Conversely, at low fishing intensity (e.g., F = 0.02 yr-1), food webs where shark biomass is less than half of the biomass of yellowfin tuna will be more sensitive to changes in tuna predation than in shark predation. At higher values of F (e.g., F = 0.5 yr-1) changes in yellowfin tuna predation will exceed changes in shark predation when the virgin biomass ratio is less than -1.25 (Fig. 7) . Using the pessimistic stock-recruit function for blue sharks makes predation by shark populations even more sensitive to fishing, relative to predation by yellowfin tuna (Fig. 7) . For example, at F = 0.02 yr-', predation by sharks is more sensitive to fishing than predation by yellowfin tuna for all food webs that have virgin biomass ratios of sharks to tunas that exceed -0.25. Taken together, these results emphasize that longline fisheries exploiting blue sharks and yellowfin tunas will have larger impacts on the predatory effects of blue sharks than on the predatory effects of yellowfin tuna. This response persists even in systems with relatively low exploitation rates and in systems where tuna biomass exceeds shark biomass (Fig. 7) .
DISCUSSION
The need for proactive management plans for conservation and sustainability are becoming critical as fisheries continue to intensify in large pelagic ecosystems. Both the management of sustainable fisheries and the conservation of sensitive species depend on our ability to predict the consequences of different fisheries for the future dynamics of species and their food webs. The analyses we have presented in this paper offer one example of an approach that can be used to couple population models of exploited species to models that account for the direct predatory effects of those species in a food web context. Although very abundant, yellowfin tuna and blue sharks represent a fraction of the total biomass of apex predators that are represented in the diverse food webs of pelagic ecosystems ). The variation in the life histories of pelagic apex predators ranges markedly from the slow-growth, low-reproductive strategies of sharks, to the rapid-growth, high-reproductive output of tunas. Based on first principles, we should expect that the slow-growing species have relatively small per capita predation rates compared to fast growing species. However, populations of these slow-growing species are also the most sensitive to exploitation. Thus, it is unclear how the effects of exploitation on the predatory roles of fast-and slowgrowing species will be manifest with intensified fisheries. Our analyses demonstrate that large-scale longline fisheries will have profoundly different effects on apex predators with different life history strategies, and these different population responses have markedly different ecological consequences. Our models suggest that longline exploitation of the slow-growing species like sharks have larger effects on food web processes than exploitation of the fast-growing species like yellowfin tuna, despite the fact that per capita shark predation rates are four to five times lower than for yeilowfin tuna. Future ecosystem models that are constructed to evaluate the consequences of large-scale fisheries must, therefore, incorporate the diversity of life history strategies observed in the food webs if these models have any chance of predicting the probable responses of ecosystem structure to fishery exploitation.
There are several key issues relevant to forecasting the responses of ecosystem dynamics to fishery exploitation. First, the sensitivity of exploited species to different levels of fishery-induced mortality will determine their long-term sustainability under exploitation. Our analyses suggest that two apex predator species that occupy the same trophic position in pelagic food webs are very different in their resilience to exploitation. Yellowfin tuna populations appear to be very robust to relatively high levels of fishing mortality from longline fisheries. This resilience of the yellowfin tuna results largely from their high natural mortality rates and high fecundity, and the fact that longline fisheries only begin to exploit yellowfin tuna at about the time they reach sexual maturity. In stark contrast, blue sharks are much more sensitive to exploitation due to the fact that they have low reproductive output, low The second issue related to estimating the impacts of exploitation of certain species for ecosystem dynamics is to understand how the ecological role of the exploited species changes as its population is increasingly exploited. Our analyses suggest that longline exploitation of blue sharks will have substantial effects on predation by this species and that the effects on yellowfin tuna are relatively subtle. At this point we do not know whether these large changes in predation rates by sharks will translate into large food web effects, because the role of each apex predator in dictating food web structure is not known. The importance of a single apex predator will depend on its predation rate compared to other apex predators, the degree of diet overlap among apex predators, and the extent to which prey populations are regulated by predation. We discuss these issues in turn.
600-
On a per capita basis, the bioenergetics models predict that the yellowfin tuna population consumes 2.5-fold more prey per year than a blue shark population with an equivalent abundance. Relative to biomass, yellowfin tuna consume four to five times more prey than an equivalent biomass of blue sharks. One interpretation of these results could be that yellowfin tuna predation is more important than blue shark predation in the central Pacific food web. However, these differences in per capita predation rates are offset by differences in the relative abundances of tuna and sharks (Fig. 7) . There are no reliable estimates of biomass for either yellowfin tuna or blue sharks in the central Pacific, but longline catches of the Hawaii-based fleet consist of -20O% blue sharks compared to 5% yellowfin tuna (Ito and Machado 1999) . Data from the Japanese longline fleet suggest roughly equivalent blue shark and yellowfin catch rates (Polachek 1988, Bonfil 1994). Although fisheries data provide only a coarse measure of relative abundance, they do suggest that the relative abundances of tunas and sharks are roughly equivalent (i.e., within an order of magnitude). As a result, changes in finning practices will potentially have substantial effects on prey of these species, provided that the unfished shark abundance is large enough so that the total predation rate is substantial.
There is considerable overlap in the diets of sharks and tunas when diet composition is grouped into broad categories (e.g., squids, crustaceans, prey fish; Strasburg 1958, Olson and Boggs 1986, Seki 1993, Cortes 1999). Unfortunately, detailed diet data over large spatial and temporal extents are not available to evaluate whether this diet overlap is also present on a species level. With no diet overlap, increased fishing mortality on blue sharks could lead to changes in the abundances of certain prey. If there is a high degree of overlap, then reduction in blue shark abundance may benefit the growth of tunas, i.e., the sensitivity of the by-catch species to fishing mortality may improve the growth of the target species. In that case, increased biomass of the species with overlapping diet could substantially compensate for the reduced predation by sharks, and net impacts to prey populations could be subtle. A third issue relevant to forecasting the changes in ecosystem dynamics that result from fishery exploitation is to understand the implications of changes in food web structure and functions for system stability and the possibility that the system might be driven to an alternate stable state (Walters and Kitchell 2001). We did not attempt to evaluate how longline fisheries are likely to impact the stability of the pelagic Pacific ecosystem, or to determine whether the system is likely to move to an alternate stable state under exploitation. These questions will best be addressed with either ecosystem models or through adaptive management experiments that track the response of system dynamics to known changes in exploitation patterns as a result of fishery management policies. Our analyses highlight the importance of accounting for the variation in life history characteristics of apex predator in these models and management plans. Because the predation responses to fishing vary substantially depending on the life history characteristics of different exploited species, community responses to changes in fishing pressure may produce abrupt and unanticipated reconfigurations of oceanic food webs.
Key uncertainties
Our analyses of the potential ecological effects of exploitation of blue sharks and yellowfin tuna involve several important key uncertainties. These uncertainties fall into two groups: (1) those that deal with the bioenergetics of sharks and tunas, and (2) those that are associated with population characteristics of these species.
We developed a bioenergetics model for blue sharks from a variety of sources that included basal metabolic rates that were derived from an ecologically similar species (lemon shark; Schmid and Murru 1994). Both blue sharks and lemon sharks are subtropical, moderately active species that have roughly the same body size. As a result, we expect that their metabolic rates are very comparable. Modeled predation rates were not statistically distinguishable from independent estimates of growth and consumption (Cortes and Gruber 1994). In general, bioenergetics models provide reasonable estimates of predation rates when field-derived growth rates are used as inputs to the energy budgets of the predator (Bartell et al. 1986 ). The growth curves we used are well established for blue sharks throughout the subtropical Pacific (Nakano 1994). Similarly, the bioenergetics and growth of yellowfin tuna have been studied extensively (Olson and Boggs 1986, Olsen 1990, Dewar and Graham 1994). As a result, the bioenergetics components of our models probably account for a relatively minor fraction of the error in our analyses.
The bioenergetics model for blue sharks estimates predation rates that fall within the range of values predicted for other sharks. Our bioenergetics model estimates that blue sharks consume approximately one percent of their body mass per day to produce the growth rates observed in the central Pacific (Nakano 1994 Pauly (1980) . The key data relevant to our analysis is in the observation that the age structure of blue sharks is well represented by relatively old individuals (Nakano 1994). In contrast, yellowfin tuna have very high natural mortality rates throughout their life, but especially after they reach sexual maturity (Hampton 2000). The results of our model analyses derive mostly from the gross differences in the life history strategies of blue sharks and yellowfin tunas. Further research regarding the natural and fishery-induced mortality rates of sharks and tunas will refine analyses such as ours. Sensitivity of recruitment to fishing is also difficult to estimate, owing to difficulties in estimating recruitment in these large pelagic systems. However, the result that sharks are much more vulnerable to recruitment overfishing than are the early-maturing and highly fecund tuna is a widely accepted view of the contrasts between sharks and teleost fishes (Smith et al. 1998 , Stevens et al. 2000 .
We did not attempt to estimate how predation rates on specific food web components would change as a function of changes in fishery exploitation rate. To make this analysis informative, we need to know the extent of trophic ontogeny in yellowfin tuna and blue sharks, and the geographic variation in their diet composition. Despite the fact that blue sharks and yellowfin tuna are among the most abundant apex predators in the Pacific, very little is known about their trophic ecology. A variety of cephalopods dominate the diets of blue sharks and are also an important component of yellowfin diets (Olson and Boggs 1986) . In general, other fishes make up the remainder to the diets of both species. Future studies that describe the details of blue shark and yellowfin tuna diets will allow an elaboration of our analyses to account for potentially important sex, size, and geographic differences in the diets.
While more data will improve future analyses such as those presented in this paper, the overall results that The fact that longline fishery exploitation of sharks is likely to be more disruptive of food web structure than longline exploitation of yellowfin tuna derives from the aggregate, gross differences in their life history strategies. Thus, while future improvements of the data will refine the quantitative nature of our estimates of the effects of fishery exploitation on changes in predation rates by sharks and tunas, they will probably not change the overall message that our analyses offer. We can expect that the intensity of fisheries in the pelagic Pacific will continue to increase. Although our ability to forecast how food webs will respond to increasing exploitation is weak, we can offer some suggestions based on our analyses of two different types of apex predators. In general, our analyses show that longline fisheries have substantial potential to change shark populations and their roles as apex predators if the practice of finning continues. The realized effect of shark finning will depend on the abundance of blue sharks and the mortality rate that the harvest represents. In contrast, longline exploitation of yellowfin tuna will probably result in subtle population and food web effects across a wide range of fishing intensities, despite the fact that this species has very high per capita predation rates. Longline exploitation of other tunas is probably more ecologically disruptive than exploitation of yellowfin tunas, because species like bigeye (Thunnus obesus; Hampton et al. 1998) and albacore (Thunnus alalunga; Shaw and Bartoo 1997) are captured before they reach sexual maturity. In general, the ecological responses of pelagic food webs are likely to be strongly affected by policy regulations that aim to limit exploitation of slow growing, species like the pelagic sharks, despite their relatively low per capita predation rates. The key uncertainty in this prediction is the selectivity of shark diets compared with other apex predators. The strongest ecological responses are expected for prey species preferentially selected by sharks. It is not known what the fishery-induced mortality rates on sharks and tunas are in the Pacific. However, we can fully expect that they will continue to increase and cause substantial effects on food web dynamics in parallel to what has been observed in other large marine ecosystems (Fogarty and Murawski 1998, Stevens et al. 2000) .
